The concentration of Fe in stream water and groundwater was measured monthly during a whole year. The study fields were Ozenuma lake and Senjougahara peatland, which snow covers for more than 5 months in winter. Iron concentration in water increased during snow-covered and thaw seasons with the synchronized decrease in Eh and pH for both stream water and groundwater. In snow-covered seasons, it is hypothesized that supply of melt water and/or coverage with ice layers during this period could cause the development of an anaerobic zone in underlying soil. This study suggests that change in the amount of snowfall or in the length of snow season may influence the geochemical cycle of iron.
INTRODUCTION
Iron in the hydrosphere is supplied from rock-forming minerals in the course of chemical weathering; its mineral and ionic equilibria are thermodynamically dominated by pH and redox potential (Eh). These two variables mutually influence the mobility and chemical forms of some redox-sensitive elements (e.g., Fe, Mn and Ce) and the decomposition of organic matter by microorganisms.
Anaerobic or reducing conditions in the soil surface are often caused by soil saturation (Sierra and Renault, 1998) . Albert and Shultz (2002) showed that snow layer hindered the diffusion or exchange of gas between airs above and beneath the snow. Chantigny et al. (2002) reported the development of anaerobic conditions even in temperatures as low as 0∞C when the soil was covered with fiber glass wool to impede the exchange of air, based on observations of soil carbon and nitrogen dynamics. It is considered that snow may exert a considerable effect on the dynamics of redox-sensitive elements, but the effect has been poorly documented. Iron(II) is thermodynamically stable under acidic and reducing conditions. If such an anoxic condition increases the proportion of Fe(II), it is anticipated that snow would influence iron circulation in the aqueous environment.
Redox potential has been recognized to be useful for characterizing soil drainage conditions in the field (Megonigal et al., 1993) , but it has been considered that about 1 m, and it is snow-covered from December to April. Sampling sites and date are shown in Figs. 1 and 2.
Nineteen streams in the Oze-area were investigated monthly from May to October 2002, and one surface unconfined groundwater seep (NG) (36∞46¢ N, 139∞27¢ E) in the east of Senjougahara peatland monthly from December 2001 to April 2003. We divided the sampling sites of the Oze-area into two groups, OP and OW. Streams in the OP area run through forested uplands, while streams in the OW area flow on the surface as runoff into Ozenuma-lake throughout the peatland and are characterized by lower pH than OP sites. We measured pH, Eh and temperature in situ at all sites and collected water samples from 9 sites (OP1, OP4, OP8, OP11, OW20, OW23, OW27, OW31 and NG). Sampling was carried out carefully avoiding immixture of visible particles and samples in a clean polyethylene bottles were adjusted at pH 1 with distilled nitric acid. Samples in another set of bottles were kept without acidification in a cooler box. Surface unconfined groundwater (NG) was sampled using a glass bottle as gently as possible to avoid aeration. All bottles used were soaked in acid (1:1HNO 3 ) and rinsed with pure water. Influence of snow on iron release from soil 175
RESULTS

Seasonal variations of pH and Eh
pH, Eh and ion concentrations in groundwater and stream waters are summarized in Tables 1, 2 , 3 and 4. The different seasonal variation of pH was observed for each site, although generally high Eh was seen during summer for all sites. The seasonal variations of pH and Eh for groundwater (NG site) and stream water (OP and OW sites) are shown in Fig. 3 . The variations of pH, Eh and ion concentrations at OP and OW sites are shown using averaged data for each group of OP (n = 9) and OW (n = 10) sites. pH ranged between 6 and 7 during the whole year for the groundwater (Fig. 3a) , nearly 7 for OP sites (Fig. 3b) and 5-6.5 for OW sites (Fig. 3c) 
Seasonal variations of TOC, other cations and anions
As Eh decreased during the thaw season, Fe concentration increased by 1 order of magnitude (Figs. 3d and 4b) . Especially in the 2003 thaw season, heavy iron precipitation has been observed in the water. This precipitation might be resulted from inflow of soluble Fe(II) from the wetland due to lower pH and Eh. Brown-colored snow called "akasibo", which was colored with iron hydroxide, was also seen at some of the OW sites in the early thaw season. The concentration data of TOC, cations and anions were determined for collected water samples from 8 sites of stream water. The average data of pH, Eh and these ion concentrations in some of OP (OP 1, 4, 8 and 11) and OW sites (OW 20, 23, 27 and 31) 
Measurement
Measurements of pH, Eh and temperature were carried out with a portable pH meter (PH82, Yokogawa Electric Co. Ltd., Japan) equipped with a pH electrode (K9220YA) or an ORP platinum electrode with a saturated Ag/AgCl reference electrode embedded (K9220YL). Samples were filtrated through 0.45 mm Millipore filters (Millex -HA) by suction and analyzed for Fe, other cations, anions, and TOC in the laboratory. The Fe blank caused by the filtration was less than 2 mg/L. Iron and major cations in the acidified samples were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (ICPS-5000, Shimadzu Co. Ltd., Japan). Major anions in separate samples were determined with ion chromatography (IC7000S, Shimadzu Co. Ltd., Japan). Water used was Milli-Q water (SP TOC, Millipore) and reagents used were of analytical grade or better.
Some samples were also treated with phenanthroline to separate Fe(II) from other forms of iron. 2.5 mL of 10% (w/w) 1,10-phenanthroline monohydrate and 2.5 mL of 25% sodium acetate buffer were added to 45 mL of sample. The samples were allowed to equilibrate for 1 d and were filtrated through 0.45 mm Millipore filter for ICP-AES measurement. Site No. T (°C) 5/2 5/21 7/17 7/23 9/8 9/16 10/20 Mean STD OP1 10.0 7.2 9.2 n.m. n.m. 11.4 9.7 9.5 1.4 OP2 10.6 7.6 12.8 n.m. n.m. 12.0 10.1 10.6 1.8 OP3 5.9 7.6 8.4 12.9 n.m. 9.2 8.2 8.7 2.1 OP4 n.m. 6.4 8.6 9.1 11.2 9.4 8.0 8.8 1.5 OP5 n.m. 8.1 8.2 8.4 11.5 10.4 8.4 9.2 1.3 OP7 n.m. 9.7 12.1 13.5 14.3 11.2 9.4 11.7 1.8 OP8 6.1 6.2 7.2 6.9 7.1 6.9 7.0 6.8 0.4 OP10 n.m. 8.5 10.6 9.8 12.6 10.5 8.5 10.1 1.4 OP11 3.3 3.6 9.3 9.6 11.9 11.1 8.1 8.1 3.2 OW12 n.m. 5.0 9.5 9.9 12.3 9.7 7.2 8.9 2.3 OW13 1 .6 4.6 7.7 9.2 13.2 10.4 7.2 7.7 3.5 OW14 n.m. 9.6 11.0 14.1 14.1 9.7 8.2 11.1 2.3 OW19 n.m. 4.4 7.9 7.1 7.9 7.1 6.5 6.8 1.2 OW20 1 .5 3.4 8.4 10.3 10.4 8.5 6.4 7.0 3.2 OW23 0 .1 1.8 13.7 13.7 16.3 12.9 8.6 9.6 5.9 OW25 0 .7 n.m. 11.0 6.9 13.6 7.5 5.6 7. Influence of snow on iron release from soil 177 178 M. Seto and T. Akagi
Fig. 3. The averaged seasonal data of pH (upper) and Eh (lower) for NG (n = 1), OP (n = 9) and OW (n = 10) sites.
Iron concentrations of many of the water samples at OP sites were below 3s detection limits (6 mg/L) in all the seasons (Fig. 5e) , which is very likely due to constantly high pH and Eh values throughout the year. The increase in Fe concentration was also observed at most of the OW sites in the early thaw season and autumn, but the concentration became lower in the later thaw season. The concentrations of Ca 2+ , Mg 2+ , Na + , K + and NO 3 -were relatively high in the later thaw season for OW sites (Figs. 6e and f) . Both OP and OW sites, Fe concentration tended to be high in thaw season and autumn, but other ions did not show such a variation. The concentration of SO 4 2-tended to increase from thaw season to autumn.
DISCUSSION
Evaluation of acidifying-filtration method
As Fe rapidly undergoes a variety of microbially and chemically mediated redox reactions by subtle changes in aqueous condition (pH, O 2 concentration, etc.), water samples are normally acidified for the determination of Fe to prevent iron precipitation during filtration, which was inevitably required in the sample preparation prior to ICP-AES measurements. In this study, we acidified samples with HNO 3 before filtration (acidifying-filtration method). Measured concentration of Fe (i.e., acid-dissolved Fe) may include not only Fe in dissolved forms Influence of snow on iron release from soil 179
Fig. 5. The averaged seasonal data of pH, Eh, Eh* and the concentration of TOC, cations and anions for 4 sites of OP area (OP1, 4, 8 and 11). The variation bars stand for 1s of the data of each site group.
Fig. 6. The averaged seasonal data of pH, Eh, Eh* and the concentration of TOC, cations and anions for 4 sites of OW area (OW20, 23, 27 and 31). The variation bars stand for 1s of the data of each site group.
method, only Fe(II) concentrations is supposed to be detected. The ratio of Fe 2+ obtained by the phenanthroline method to that by the acidifying-filtration method was in the range of 0.3 and 0.7 in the most sites, but far above unity at some sites where the concentration of acid-dissolved Fe (9-12 mg/L) was as low as the detection limit (@6 mg/L). Excess iron in the acidifying-filtration method (ratio <1) were considered to be due to the dissolution of iron from particulate surface, whereas excess in the phenanthroline method (ratio >1) is considered to be due to reagent blank or contamination from its more complicated analytical procedure.
We introduced the next three assumptions. (1) we separately calculated Eh (cEh) from the results by the phenanthroline and the acidifying-filtration methods using Eq. (2) (Akagi and Masuda, 1998; Langmuir, 1997 but also that in other forms such as adsorbed Fe on particles, which would give erroneously high concentration. If Fe in these forms occupied a large proportion of measured Fe, our data would be erroneous, over-estimating the concentration of Fe 2+ . In order to evaluate our acidifying-filtration method, we compared the results with those by a phenanthroline method, where the same samples were treated with phenanthroline and filtered to be measured with ICP-AES. Using the phenanthroline Eh (mEh) than that calculated from the data by the simple acidifying method, it would be difficult to ignore the influence of dissolved Fe 3+ species from particulate surface by the acidifying-filtration method. However, both methods of estimating cEh showed similar loose correlation against mEh (Fig. 7) (r 2 = 0.269 (n = 55, P < 0.001) by the acidifying-filtration method and 0.421 (n = 19, P = 0.003) by the phenanthroline method), which indicates that the Fe concentration by the simple acidifying method is good enough to discuss the relationship between iron, Eh and pH in this range of precision. The relationship observed in Fig. 7 is clearly different from that reported by Lindberg and Runnells (1984) who states a poor agreement between measured Eh and computed Eh.
Reason for seasonal changes in pH
The relatively low pH was observed for OW sites throughout the year. This low pH can be caused by cation exchange by Sphagnum (Clymo and Hayward, 1982) and/ or buildup of organic acids from decomposed organic matter (Gorham et al., 1984) . pH at OW sites was notably lower in the early thaw season then increased later (from early to later May) (Fig. 3c) . Acidic substances in snow might be a reason for the low pH observed in the early thaw season, which is known as "acid shock" (Maule and Stein, 1990) , but the concentrations of NO 3 -and SO 4 2-did not show the increase when low pH was observed (Fig. 6f) . We suggest that higher pH in late thaw season was caused by exchange of H + for other major cations in the course of chemical weathering of minerals especially carbonate minerals. Good correlation between the concentrations of Ca 2+ and pH was seen throughout the year in both OP and OW sites (Fig. 6e ) (Correlation coefficients (r 2 ) calculated using individual data are 0.764 (n = 12, P < 0.001) and 0.878 (n = 24, P < 0.001), respectively).
Reason for seasonal changes in Eh
At all sites studied, Eh showed a decrease in the thaw seasons, and at some of the sites in fall as well (Figs. 3d, e and f). Change in Eh can be explained by two factors: pH and DO (dissolved oxygen) concentration.
When pH increases by 1 unit, Eh correspondingly decreases 0.059 V at 25∞C (Bohn, 1971) . As redox potentials are often adjusted to a common pH in order to exclude the pH effect on Eh (Bohn, 1971; Megonigal et al., 1993) , we corrected the measured Eh to pH 7 with the following equation:
Eh* (V) = Eh -(7 -pH) ¥ 0.059
where Eh* is the corrected potential.
Comparing the seasonal change of Eh with that of Eh*, both show identical patterns for OP sites because of constant pH throughout the year (see Figs. 5a, b and c) . In the case of OW sites, the variation of Eh* is still similar to that of Eh. It means that the decrease in the thaw season should be explained by chemistry other than pH. In the natural aqueous environment, oxygen is a dominant oxidant and decrease in dissolved oxygen (DO) readily induces decrease in Eh. A strong correlation between redox potential and O 2 content for hydric soil was reported (Megonigal et al., 1993) . The changes of measured Eh are likely to be caused by the depletion of DO. An anoxic condition could be caused by oxygen, in soil under a snow or water layer, being gradually consumed by degradation of organic matter and as oxygen supply from air is blocked by the snow or water layer. Although NO 3 -and SO 4 2-are potentially oxidizing species, there were no correlations between the concentrations of those species and Eh (correlation coefficients (r 2 ) calculated using individual data are 0.220 (n = 34) and 0.000 (n = 38), for NO 3 -and SO 4 2-respectively).
Causes of the seasonal variation of iron concentration
Correlation between Fe concentration and Eh is clearly seen in Figs. 4, 5 and 6. Correlation between cEh and mEh in Fig. 7 indicates that Fe concentration is more or less determined by the thermodynamic equilibrium between soluble Fe 2+ and insoluble species as indicated simply by Eq. (1). In the case of natural waters, Fe 2+ forms complexes with anions (CO 3 2-, SO 4 2-, F -and dissolved organic matter), which often increases the solubility of iron by more than the one order of magnitude. TOC data (Figs. 5d and 6d) were relatively high at the time of maximum Fe concentrations (Figs. 5e and 6e) . The dissolution of iron on particulate matter might be another reason for the inconsistency. At the same time, the measurement of Eh involves significant uncertainty due to electrode responses and accidental oxygen infusion (Langmuir, 1997) .
In Figs. 8a and b, the measured concentration of Fe is plotted against Eh and pH condition of ground water (a) and stream water (b). The transition border of Fe(OH) 3 and Fe 2+ for iron deposition assuming [Fe 2+ ] = 10 -6 mol/ L is also indicated. Notwithstanding the complexity of issues related to the solid/aqueous species boundary for iron as stated in the previous part, a qualitatively consistent trend between the concentration of Fe and the transition border is seen. i.e., the concentration of Fe increases with increasing distance toward the left side from the border line. It is shown that iron concentration is largely determined by redox equilibria of Fe-involving reactions. This study implies that measured Eh values may be still indicative of some redox condition of water that contains even a low amount of dissolved Fe contrary to the statement of Lindberg and Runnells (1984) .
Snow effect on redox potential
To see how much oxygen is consumed under the snow, air was sampled under the snow of 15 cm depth and its oxygen concentration was measured. The concentration of oxygen was 18.7% (v/v) . Using the diffusion constant of air in snow reported by Albert and Shultz (2002) (0.021 cm 2 s -1 at 0∞C) and assuming a steady-state of the system, a one-dimensional diffusion model was applied. The model calculation gave the respiration rate of the soil of 1.5 ¥ 10 -11 mol cm -2 s -1 , which was close to that reported for boreal peat bogs (West Siberia) by Panikov and Dedysh (2000) . They reported that the O 2 consumption calculated from CO 2 fluxes was from 0.2 ¥ 10 -11 to 1.2 ¥ 10 -11 mol cm -2 s -1 in mid-February. The similarity of the two rate suggests that the application of one-dimensional diffusion model is not inappropriate. The model further anticipates that the partial pressure of oxygen, P O2 , in soil would decrease to less than 6% (v/v) when snow depth is 2 m. When the respiration rate of soil was 10 times greater than calculated rate during the thaw season, which was observed in a thaw peat incubation experiment by Panikov and Dedysh (2000) , P O2 would become as low as 0.6% (v/v). An extremely reducing condition would develop under such a low concentration of oxygen, if it were combined by immersion in water from melted snow. Our results may give a reason to the field data of Megonigal et al. (1996) and Dise (1992) , who have inferred some development of the anoxic condition in soil during winter, based on the rate of soil respiration and flux of methane, respectively.
Conclusive remarks on snow and iron cycles
Because iron (III) solubility is very small in water, it has been considered that particulate and suspended particles account for most of the iron supply from the terrestrial ecosystem. Therefore, the principal source of iron is alleged to be continental aeolian dust at the open oceans in regions far from continental or shallow-water sediment (Martin et al., 1988; Zhuang et al., 1992) . The observational results of the present study imply that the chemical form as well as the amount of iron supplied to river might be affected by snow. This poses an important question as to how and to what extent such changes caused by snow would influence the marine ecosystem. Further extensive studies will be required to understand the linkage between the terrestrial and marine ecosystems and the feedback to the linkage by snow.
